The idea that E2F proteins have tissue-specific, develwith heterodimeric E2F transcription factors to regulate opmentally regulated functions is supported by the identification of novel E2F regulated genes in human, mouse, and fly. In addition to cell cycle-related E2F targets,
these studies revealed numerous genes that have develpolytene chromosomes. Depletion of specific subunits opmental functions or display a strictly tissue-specific by RNAi has identified a set of sex-and differentiationexpression pattern (DeGregori, 2002) . Analysis of the specific dE2F target genes that are regulated by these E2F transcriptional program in Drosophila indicates that complexes in vivo. Strikingly, seven dREAM subunits there are at least two different types of E2F regulation are related to C. elegans synMuv class B genes. The (Dimova et al., 2003): expression of cell cycle-regulated existence of putative homologs of dREAM subunits in E2F targets is primarily dependent on dE2F1/dDP-medimammals and the ability of pocket proteins to interact ated activation and is repressed by RBF1 (A group with these suggests a remarkable degree of evolutionary genes). In contrast, other E2F targets are actively reconservation in the mechanism of pocket protein action. pressed in proliferating cells by dE2F2, dDP, and either RBF1 or RBF2, and these genes are expressed in develResults opmentally regulated patterns (E group genes). These two types of regulation appear to be combined in difChromatographic Separation of RBF Complexes fering proportions over the spectrum of E2F targets,
The Drosophila genome encodes two pocket proteins, generating a broad variety of E2F control.
RBF1 and RBF2, and two E2F proteins, dE2F1 and Pocket proteins repress transcription in several differdE2F2, that act in heterodimers with a common partner, ent ways. They can counteract E2F-mediated transactidDP. We reasoned that this streamlined version of the vation simply by binding to and masking the E2F activa-E2F/pRb network would greatly simplify the chromatotion domain (Frolov and Dyson, 2004) . In addition, they graphic separation of native complexes. We subjected actively repress transcription by recruiting corepressor Drosophila embryo nuclear extracts to gel filtration to complexes to E2F. Several of the complexes that have verify the presence of RBF complexes ( Figure 1A ). RBF1 been linked to pRb have enzymatic activities directed was detected by Western blot in many fractions ranging toward chromatin or recognize particular histone modifiin apparent molecular weight from 66 kDa to 1.2 MDa. cations, suggesting that they impinge on chromatin RBF2 was detected in a narrower peak with an apparent structure (Schneider et al., 2002; Zhang and Dean, 2001 ). molecular weight of 669 kDa to 1.2 MDa. dDP was likeCurrently, more than 120 proteins have been reported wise detected in fractions ranging in molecular weight to associate with pRb, and a wide assortment of chrofrom 443 kDa to 1.2 MDa. These findings suggest that matin-modifying and binding complexes have been imDrosophila embryos contain multisubunit dE2F/RBF plicated in pRb-mediated repression (Frolov and Dyson, complexes.
2004). Many pRb binding proteins have been studied
Next, we subjected extracts to ion exchange chromausing in vitro binding and coimmunoprecipitation tography. This resolved three peaks of RBF1 activity assays, often following forced overexpression of one or ( Figure 1B ). Peak I contained RBF1 but did not contain both putative interaction partners. It is unclear which RBF2, dE2F, or dDP. When peak I was subjected to of the many reported interactions are physiologically gel filtration, RBF1 eluted with an apparent molecular relevant. The plethora of proposed corepressors raises weight of 100 kDa, close to its theoretical molecular a series of critical questions. Which interactors are really weight (91.8 kDa), suggesting that peak I contains monorequired for pRb to repress transcription? Under which meric RBF1 (data not shown). RBF1, dE2F1, and dDP circumstances and on which genes do these complexes coeluted in peak II. During subsequent gel filtration, act? Since pRb and E2F family members regulate genes these three proteins coeluted with an estimated molecuthat are required for a broad range of cellular functions, lar weight of 500 kDa (data not shown). Analysis of peak it is possible that different corepressors are utilized at III revealed the presence of RBF1, RBF2, dE2F2, and different sets of target genes. It is also conceivable that dDP. These four proteins coeluted during gel filtration pocket proteins recruit different repressors to the same with an apparent molecular weight of 669 kDa to 1.2 targets in different cellular conditions (Ait-Si-Ali et al., MDa (data not shown).
2004; Narita et al., 2003).
Previous studies have shown that RBF1 associates Paradoxically, given the extensive literature on pRbwith both dE2F1 and dE2F2, whereas RBF2 interacts associated proteins, all attempts to purify native pRb exclusively with dE2F2, and these binding specificities repressor complexes have been unsuccessful. Chromatoare reflected in our elution profile . graphic fractionation of E2F complexes from mammalian Interestingly, peak III fractions contain both RBF1 and cells is complicated by the fact that they constitute an RBF2 even though they do not interact with each other aggregate collection of many different combinations of ( ] see also Figure 2D ). This suggests E2F/DP/pRb family members. Moreover, purification of that peak III contains two separate dE2F2/RBF1 and endogenous protein complexes from mammalian cells dE2F2/RBF2 complexes with similar subunit compositraditionally relies on the use of rapidly dividing cell lines, tion. The molecular weight of these complexes (669 kDa such as HeLa, which allow accumulation of sufficient to 1.2 MDa) indicates that they contain additional substarting material. It is unclear whether tumor cell lines units. We therefore purified dE2F2/RBF complexes are a good source for pRb repressor complexes, as pRb present in peak III. is often inactivated in these cells.
In this study, we have taken advantage of the relative Purification of dE2F2/RBF Complexes simplicity of the Drosophila dE2F/RBF network to isolate dE2F2/RBF complexes were purified by classical chrotwo related, native multisubunit complexes containing matography (Figure 2A) . dE2F2, dDP, RBF1, and RBF2 RBF, dE2F2, and dMyb-interacting proteins (dREAM).
coeluted from the final gel filtration column with an apIn agreement with a role in transcriptional repression, these complexes localize to nontranscribed sites on parent molecular weight of 669 kDa to 1.2 MDa (Figure teins function in concert with one another at many discrete chromosomal locations. To verify physical association between dREAM subunits, we subjected Q Sepharose peak III to immunopreNext, we sought to determine if the sites occupied by dREAM subunits represent active or inactive chromatin. cipitation with RBF1-and RBF2-specific antibodies in the presence of ethidium bromide to minimize DNAWe made use of an antibody directed against phosphorylated RNA polymerase II (pol II H5) that yields numerous mediated interactions ( Figure 2D ). Control antibodies (␣-Myc) did not precipitate any of the proteins tested. bands corresponding to actively transcribed regions of the genome ( Figure 4A ). Despite the fact that both Both RBF1-and RBF2-specific antibodies precipitated Mip130/TWIT, dDP, CAF1p55, dE2F2, and Mip40. Mip120
Mip130/TWIT and pol II antibodies each stain hundreds of bands, there is, strikingly, no overlap between these was precipitated by RBF1-specific antibodies, but only a faint Mip120 signal was evident in the RBF2 precipitwo patterns ( Figure 4B ). This indicates that dREAM complexes primarily associate with transcriptionally sitate. In agreement with previous studies, RBF1-specific antibodies failed to precipitate RBF2 and vice versa, lent regions of the genome, consistent with a role in transcriptional repression. indicating the presence of two distinct dREAM complexes.
An antibody recognizing Polycomb (Pc), a well-char- acterized repressor that functions to maintain stable press transcription by assembling complexes with chromatin-directed enzymatic activities such as histone repression of its targets, also stains a set of bands that do not overlap with transcriptionally active chromatin deacetylases. dREAM complexes appear to lack chromatin-modifying enzymes. Notably, dRPD3, the Dro-( Figure 4A Figure 6A ). JC8.6 RNAi depletion of RBF1 upregulated A group genes but had no effect on the transcription of E group genes, which in the synMuv class B background lin-36(n766) did not produce synMuv progeny (data not shown). This conare repressed by RBF1 and RBF2 in a redundant fashion ( Figure 5A, compare lanes 1 and 3; Dimova et al., 2003) .
firms that the Mip120 homolog JC8.6 has synMuv class B activity in vivo. As expected, dE2F2 depletion did not change A group gene expression but led to a massive increase of E group A BLAST search with the Mip40 sequence revealed several vertebrate homologs but none in C. elegans. gene transcription (compare lanes 1 and 4) . Strikingly, depletion of Mip130/TWIT and Mip120 also resulted in We therefore aligned Drosophila and vertebrate Mip40-related sequences to prepare a profile that was then a robust deregulation of E group transcription but had no effect on A group gene transcription. Thus, Mip130/ used to search the database. This identified C. elegans Lin-37 as the sequence with the highest similarity to the TWIT, Mip120, and dE2F2 are required to silence E group genes in S2 cells (compare lanes 1, 2, 5, and 6).
profile. A sequence related to Lin-37 was also found in the proteome of C. briggsiae. Alignment of Lin-37-and Depletion of Mip120 had no significant effect on dE2F2 protein levels, but, curiously, depletion of dE2F2 Mip40-related sequences shows that similarity is confined to three conserved segments ( Figure 6B ). In each reduced the Mip130/TWIT levels and vice versa ( Figure  5B) . Similarly, depletion of dDP results in the simultaneof these segments, there are conserved motifs with features consistent with a globular architecture that is also ous reduction of dE2F1 and dE2F2 levels (Dimova et al.,  2003) . A similar interdependence of interaction partners supported by GlobPlot analysis. We conclude that Lin-37 is a divergent member of the Mip40 family. Intriguhas also been described for some components of the dMyb complex (Beall et al., 2004) . ingly, lin-37 is a synMuv class B gene, and a two-hybrid interaction between Lin-37 and Lin-53, the C. elegans To demonstrate that Mip130/TWIT is physically bound to E group genes, we performed ChIPs using antibodies homolog of the CAF1p55 dREAM subunit, has been reported previously (Walhout et al., 2000) . specific for dE2F2 and Mip130/TWIT ( Figure 5C ). Both antibodies precipitated E group promoter sequences
In conclusion, at least seven dREAM subunits are related to synMuv B genes. This raises the possibility (ARP53D and CG17142) from proliferating S2 cells but failed to enrich a nonspecific control promoter (RP49) that the corresponding gene products function together in a multisubunit complex to regulate vulval cell fate (compare lanes 2, 3, and 4). This shows that both dE2F2 and Mip130/TWIT are physically associated with E specification in the worm. Our results suggest a remarkable conservation of pRb-related repressor complexes group genes in vivo. Taken together, our results suggest that dREAM complexes assemble on E group genes and between worm and fly. The human proteome harbors sequences with signifieffect their permanent repression in proliferating cells. Figure 7B) . RBF1, Mip120, and Mip130/TWIT on polytene chromosomes suggests that dREAM complexes are present at The antibody detects two bands in HeLa nuclear extract ( Figure 7C ): a protein with an apparent molecular weight most sites of dE2F action. The fact that dMyb is a stoichiometric subunit of of 60 kDa, which closely corresponds to the expected molecular weight of hMip130/TWIT (see Supplemental dREAM complexes hints at an extensive collaboration between dE2F and dMyb. However, depletion of dMyb Data); and a smaller protein of 50 kDa, which may represent a degradation product. When GST pull-downs were had no effect on expression of the A and E group genes tested (Supplemental Figure S2) . It is clear, therefore, performed, hMip130/TWIT was strongly retained by GST-pRb fusion protein (compare lanes 1 and 5) but that dMyb is not required for all aspects of dREAM complex function. However, it is possible that dE2F and failed to interact with the GST control (lane 4). Binding was diminished by mutation of the LXCXE binding cleft dMyb cooperate to regulate transcription of other genes that we have not investigated. Moreover, as will be disbut not eliminated (lane 6). GST-p107 and GST-p130 fusions also bound hMip130/TWIT in this assay (lanes cussed below, dE2F2 and dMyb appear to converge on the regulation of chorion gene amplification. 9 and 10). The smaller antibody-reactive protein failed to bind to any of the GST fusions tested, indicating that
The mechanism of E2F regulation provided by dREAM appears to be highly conserved during evolution. Strikthe observed association with hMip130/TWIT is specific. Taken together, these results suggest that dREAM subingly, with the exception of dMyb, all components of dREAM are either homologs of previously described C. units and their interaction with pocket proteins have been conserved through evolution.
elegans synMuv class B genes (mip130/twit/lin-9, rbf1 and rbf2/lin-35, de2f2/efl-1, ddp/dpl-1, and caf1p55/lin-53), contain regions of sequence conservation (Mip40/ Discussion lin-37), or produce a synMuv phenotype when the corresponding C. elegans gene is inactivated (Mip120/JC8.6). We have purified two native complexes containing dREAM. The two dREAM complexes contain similar Genetic studies have shown that synMuv class B genes are required for development of the worm's male and subunits but differ with regard to RBF itself: one complex contains RBF1, the other the highly related RBF2. Acfemale reproductive systems, and it has been suggested that some encode subunits of a hypothetical complex cordingly, these complexes behave identically during chromatographic fractionation and can only be sepathat represses vulva-specific gene transcription; however, the precise transcriptional changes underlying the rated by immunoprecipitation with RBF1-and RBF2-specific antibodies. The properties and identities of synMuv phenotype are unknown (Ceol and Horvitz, 2001). Our discovery of dREAM complexes suggests an dREAM subunits are illuminating, and our results draw together several different research areas: dREAM comintriguing model for synMuv class B gene function: we propose that at least seven synMuv class B gene prodplexes represent a remarkable point of convergence between studies of E2F-dependent transcription, Myb ucts physically associate to form a complex that, like its Drosophila counterpart, represses sex-related tarcontrol of DNA replication, and models of E2F/pRb function in both Drosophila and C. elegans.
gets and that misexpression of these genes causes a change in cell fate. Given the vast differences between dREAM repressors are required for a recently discovered aspect of dE2F transcriptional regulation. RNAi-C. elegans and Drosophila embryogenesis, we consider it unlikely that REAM complexes will regulate the exact mediated disruption of dREAM complexes by depletion of Mip130/TWIT and Mip120 specifically derepresses E same set of genes in both species. However, we propose that, in both organisms, REAM complexes control trangroup genes (Figure 5 ), genes we had previously shown to be repressed in a cell cycle-independent manner by scriptional programs required for development of the reproductive system. In agreement with this model, we dE2F2, dDP, and a function that is redundant between RBF1 and RBF2. Although depletion of Mip130/TWIT have previously shown that dE2F2 is needed to repress genes like vasa and spn-E that are important for Droand Mip120 had no effect on expression of A group genes, it is probable that dREAM complexes also resophila gametogenesis ( 
